HAZARDOUS VOLTAGE INSIDE. DO NOT OPEN. 
GEFAHRLICHE SPANNUNG. ABOECKUNG NICHT OFFNEN. 
TENSION OANGEREUSE A L'INTERIEUR. NE PAS 04JVRIR. 
VOLTAJE PELIGROSO EN EL INTERIOR. NO ABRA. 
TENSIONE PERICOLOSA ALL'INTERNO. NON APRIRE. 
FARUG ELEKTRISK SPAENOING INDENI, LUK IKKE OP. 
HIERBINNEN GENAARLIJK VOLTAGE. NIET OPENMAKEN. 
SISAPUOLELLA VAARALLINEN JANNITE. ALA AVAA. 
FARLIG SPENNING. MA IKKE APNES. 

NAO ABRA. VOLTAGEM PERIGOSA NO INTERIOR. 

FARLIG SPANNING INNUTI. OPPNAS EJ. 
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Many electronic components carry a 
warning label like this one. What is there 
inside these devices that makes them so 
dangerous? Why wouldn't you be safe if 
you unplugged the equipment before 
opening the case? IGeorge Semple) 
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CHAPTER 26 Capacitance and Dielectrics 


■ n this chapter, we discuss capacitors —devices that store electric charge. Capaci- 
M tors are commonly used in a variety of electric circuits. For instance, they are 
■ used to tune the frequency of radio receivers, as filters in power supplies, to 
eliminate sparking in automobile ignition systems, and as energy-storing devices in 
electronic flash units. 

A capacitor consists of two conductors separated by an insulator. We shall see 
that the capacitance of a given capacitor depends on its geometry and on the ma¬ 
terial—called a dielectric —that separates the conductors. 


Definition of capacitance 


26.1 DEFINITION OF CAPACITANCE 

(o) Consider two conductors carrying charges of equal magnitude but of opposite 
13 5 sign, as shown in Figure 26.1. Such a combination of two conductors is called a ca¬ 
pacitor. The conductors are called plates. A potential difference AFexists between 
the conductors due to the presence of the charges. Because the unit of potential 
difference is the volt, a potential difference is often called a voltage. We shall use 
this term to describe the potential difference across a circuit element or between 
two points in space. 

What determines how much charge is on the plates of a capacitor for a given 
voltage? In other words, what is the capacity of the device for storing charge at a 
particular value of AFP Experiments show that the quantity of charge Q on a ca¬ 
pacitor 1 is linearly proportional to the potential difference between the conduc¬ 
tors; that is, Q K AF The proportionality constant depends on the shape and sepa¬ 
ration of the conductors. 2 We can write this relationship as Q= C AF if we define 
capacitance as follows: 


The capacitance C of a capacitor is the ratio of the magnitude of the charge on 
either conductor to the magnitude of the potential difference between them: 


C = 


Q 

AF 


(26.1) 



Figure 26.1 A capacitor consists 
of two conductors carrying charges 
of equal magnitude but opposite 
sign. 


Note that by definition capacitance is always a positive quantity. Furthermore, the po¬ 
tential difference AFis always expressed in Equation 26.1 as a positive quantity. Be¬ 
cause the potential difference increases linearly with the stored charge, the ratio 
Q/AFis constant for a given capacitor. Therefore, capacitance is a measure of a 
capacitor’s ability to store charge and electric potential energy. 

From Equation 26.1, we see that capacitance has SI units of coulombs per volt. 
The SI unit of capacitance is the farad (F), which was named in honor of Michael 
Faraday: 

1 F = 1 C/V 

The farad is a very large unit of capacitance. In practice, typical devices have ca¬ 
pacitances ranging from microfarads (10 -6 F) to picofarads (10 -12 F). For practi¬ 
cal purposes, capacitors often are labeled “mF” for microfarads and “mmF” for mi¬ 
cromicrofarads or, equivalently, “pF” for picofarads. 


1 Although the total charge on the capacitor is zero (because there is as much excess positive charge 
on one conductor as there is excess negative charge on the other), it is common practice to refer to the 
magnitude of the charge on either conductor as “the charge on the capacitor.” 

2 The proportionality between Ah and Q can be proved from Coulomb’s law or by experiment. 
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A collection of capacitors used i 


variety of applica- 


Let us consider a capacitor formed from a pair of parallel plates, as shown in 
Figure 26.2. Each plate is connected to one terminal of a battery (not shown in 
Fig. 26.2), which acts as a source of potential difference. If the capacitor is initially 
uncharged, the battery establishes an electric field in the connecting wires when 
the connections are made. Let us focus on the plate connected to the negative ter¬ 
minal of the battery. The electric field applies a force on electrons in the wire just 
outside this plate; this force causes the electrons to move onto the plate. This 
movement continues until the plate, the wire, and the terminal are all at the same 
electric potential. Once this equilibrium point is attained, a potential difference 
no longer exists between the terminal and the plate, and as a result no electric 
field is present in the wire, and the movement of electrons stops. The plate now 
carries a negative charge. A similar process occurs at the other capacitor plate, 
with electrons moving from the plate to the wire, leaving the plate positively 
charged. In this final configuration, the potential difference across the capacitor 
plates is the same as that between the terminals of the battery. 

Suppose that we have a capacitor rated at 4 pF. This rating means that the ca¬ 
pacitor can store 4 pC of charge for each volt of potential difference between the 
two conductors. If a 9-V battery is connected across this capacitor, one of the con¬ 
ductors ends up with a net charge of — 36 pC and the other ends up with a net 
charge of + 36 pC. 



Figure 26.2 A parallel-plate ca¬ 
pacitor consists of two parallel con¬ 
ducting plates, each of area A, sepa¬ 
rated by a distance d. When the 
capacitor is charged, the plates 
carry equal amounts of charge. 

One plate carries positive charge, 
and the other carries negative 


26.2 CALCULATING CAPACITANCE 


We can calculate the capacitance of a pair of oppositely charged conductors in the 
following manner: We assume a charge of magnitude Q, and we calculate the po¬ 
tential difference using the techniques described in the preceding chapter. We 
then use the expression C = Q/ AT to evaluate the capacitance. As we might ex¬ 
pect, we can perform this calculation relatively easily if the geometry of the capaci¬ 
tor is simple. 

We can calculate the capacitance of an isolated spherical conductor of radius 
i?and charge Qifwe assume that the second conductor making up the capacitor is 
a concentric hollow sphere of infinite radius. The electric potential of the sphere 
of radius R is simply k e Q/R, and setting V = 0 at infinity as usual, we have 


Q. _ Q _ R 

AT k e Q/R k 


( 26 . 2 ) 


This expression shows that the capacitance of an isolated charged sphere is pro¬ 
portional to its radius and is independent of both the charge on the sphere and 
the potential difference. 


QuickLab J > 

Roll some socks into balls and stuff 
them into a shoebox. What deter¬ 
mines how many socks fit in the box? 
Relate how hard you push on the 
socks to AFfor a capacitor. How does 
the size of the box influence its “sock 
capacity”? 
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The capacitance of a pair of conductors depends on the geometry of the con¬ 
ductors. Let us illustrate this with three familiar geometries, namely, parallel 
plates, concentric cylinders, and concentric spheres. In these examples, we assume 
that the charged conductors are separated by a vacuum. The effect of a dielectric 
material placed between the conductors is treated in Section 26.5. 

Parallel-Plate Capacitors 

Two parallel metallic plates of equal area A are separated by a distance d, as shown 
in Figure 26.2. One plate carries a charge Q, and the other carries a charge — Q. 
Let us consider how the geometry of these conductors influences the capacity of 
the combination to store charge. Recall that charges of like sign repel one an¬ 
other. As a capacitor is being charged by a battery, electrons flow into the negative 
plate and out of the positive plate. If the capacitor plates are large, the accumu¬ 
lated charges are able to distribute themselves over a substantial area, and the 
amount of charge that can be stored on a plate for a given potential difference in¬ 
creases as the plate area is increased. Thus, we expect the capacitance to be pro¬ 
portional to the plate area A. 

Now let us consider the region that separates the plates. If the battery has a 
constant potential difference between its terminals, then the electric field between 
the plates must increase as d is decreased. Let us imagine that we move the plates 
closer together and consider the situation before any charges have had a chance 
to move in response to this change. Because no charges have moved, the electric 
field between the plates has the same value but extends over a shorter distance. 
Thus, the magnitude of the potential difference between the plates A V = Ed (Eq. 
25.6) is now smaller. The difference between this new capacitor voltage and the 
terminal voltage of the battery now exists as a potential difference across the wires 
connecting the battery to the capacitor. This potential difference results in an elec¬ 
tric field in the wires that drives more charge onto the plates, increasing the po¬ 
tential difference between the plates. When the potential difference between the 
plates again matches that of the battery, the potential difference across the wires 
falls back to zero, and the flow of charge stops. Thus, moving the plates closer to¬ 
gether causes the charge on the capacitor to increase. If d is increased, the charge 
decreases. As a result, we expect the device’s capacitance to be inversely propor¬ 
tional to d. 



Figure 26.3 (a) The electric field between the plates of a parallel-plate capacitor is uniform 

near the center but nonuniform near the edges, (b) Electric field pattern of two oppositely 
charged conducting parallel plates. Small pieces of thread on an oil surface align with the elec¬ 
tric field. 
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We can verify these physical arguments with the following derivation. The sur¬ 
face charge density on either plate is cr = Q/A. If the plates are very close to¬ 
gether (in comparison with their length and width), we can assume that the elec¬ 
tric field is uniform between the plates and is zero elsewhere. According to the last 
paragraph of Example 24.8, the value of the electric field between the plates is 


E 


i = Q. 
^0 e 0^ 


Because the field between the plates is uniform, the magnitude of the potential 
difference between the plates equals Ed (see Eq. 25.6); therefore, 

AV = Ed = -^~ 
e 0 A 

Substituting this result into Equation 26.1, we find that the capacitance is 

Q. 


r= JL^ 

" AT 


Qd/e 0 A 



( 26 . 3 ) 


That is, the capacitance of a parallel-plate capacitor is proportional to the 
area of its plates and inversely proportional to the plate separation, just as 
we expect from our conceptual argument. 

A careful inspection of the electric field lines for a parallel-plate capacitor re¬ 
veals that the field is uniform in the central region between the plates, as shown in 
Figure 26.3a. However, the field is nonuniform at the edges of the plates. Figure 
26.3b is a photograph of the electric field pattern of a parallel-plate capacitor. 
Note the nonuniform nature of the electric field at the ends of the plates. Such 
end effects can be neglected if the plate separation is small compared with the 
length of the plates. 

i.mni.mrt-t**. 

Many computer keyboard buttons are constructed of capacitors, as shown in Figure 26.4. 
When a key is pushed down, the soft insulator between the movable plate and the fixed 
plate is compressed. When the key is pressed, the capacitance (a) increases, (b) decreases, 
or (c) changes in a way that we cannot determine because the complicated electric circuit 
connected to the keyboard button may cause a change in AT 



Figure 26.4 One type of com¬ 
puter keyboard button. 


Example 26.1 Parallel-Plate Capacitor 

A parallel-plate capacitor has an area A = 2.00 X 10 -4 m 2 
and a plate separation d = 1.00 mm. Find its capacitance. 


Solution From Equation 26.3, we find that 

A 19 9 9 / 2.00 : 

C=e 0T =(8.85X10-C 2 /N-m 2 )(— 


10~ 4 m 2 \ 
10“ 3 m ) 


Exercise 

3.00 mm? 


What is the capacitance for a plate separation of 


Answer 0.590 pF. 
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Cylindrical and Spherical Capacitors 

From the definition of capacitance, we can, in principle, find the capacitance of 
any geometric arrangement of conductors. The following examples demonstrate 
the use of this definition to calculate the capacitance of the other familiar geome¬ 
tries that we mentioned: cylinders and spheres. 


EXAMPLE 26.2 The Cylindrical Capacitor 

A solid cylindrical conductor of radius a and charge Q is 
coaxial with a cylindrical shell of negligible thickness, radius 
b> a, and charge —Q (Fig. 26.5a). Find the capacitance of 
this cylindrical capacitor if its length is €. 

Solution It is difficult to apply physical arguments to this 
configuration, although we can reasonably expect the capaci¬ 
tance to be proportional to the cylinder length € for the same 
reason that parallel-plate capacitance is proportional to plate 
area: Stored charges have more room in which to be distrib¬ 
uted. If we assume that € is much greater than a and b, we can 
neglect end effects. In this case, the electric field is perpen¬ 
dicular to the long axis of the cylinders and is confined to the 
region between them (Fig. 26.5b). We must first calculate the 
potential difference between the two cylinders, which is given 
in general by 

where E is the electric field in the region a < r < b. In Chap¬ 
ter 24, we showed using Gauss’s law that the magnitude of the 
electric field of a cylindrical charge distribution having linear 
charge density A is E r = 2k e \/r (Eq. 24.7). The same result 
applies here because, according to Gauss’s law, the charge on 
the outer cylinder does not contribute to the electric field in¬ 
side it. Using this result and noting from Figure 26.5b that E 
is along r, we find that 

V b ~V a = -J E r dr = -2M J -y= ~2k e \ln(^j 

Substituting this result into Equation 26.1 and using the fact 
that A = (?/€, we obtain 



where AT is the magnitude of the potential difference, given 


by AF= | V b — V a | = 2A e Aln ( b/a ), a positive quantity. As 
predicted, the capacitance is proportional to the length of 
the cylinders. As we might expect, the capacitance also de¬ 
pends on the radii of the two cylindrical conductors. From 
Equation 26.4, we see that the capacitance per unit length of 
a combination of concentric cylindrical conductors is 



An example of this type of geometric arrangement is a coaxial 
cable, which consists of two concentric cylindrical conductors 
separated by an insulator. The cable carries electrical signals 
in the inner and outer conductors. Such a geometry is espe¬ 
cially useful for shielding the signals from any possible exter¬ 
nal influences. 





Gaussian 

surface 


(a) (b) 

Figure 26.5 (a) A cylindrical capacitor consists of a solid cylindri¬ 

cal conductor of radius a and length (. surrounded by a coaxial cylin¬ 
drical shell of radius b. (b) End view. The dashed line represents the 
end of the cylindrical gaussian surface of radius r and length 


EXAMPLE 26.3 The Spherical Capacitor 

A spherical capacitor consists of a spherical conducting shell 
of radius b and charge — Q concentric with a smaller conduct¬ 
ing sphere of radius a and charge Q (Fig. 26.6). Find the ca¬ 
pacitance of this device. 


Solution As we showed in Chapter 24, the field outside 
a spherically symmetric charge distribution is radial and 
given by the expression k e Q/r 2 . In this case, this result ap¬ 
plies to the field between the spheres ( a< r< b). From 
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Gauss’s law we see that only the inner sphere contributes 
to this Field. Thus, the potential difference between the 





The magnitude of the potential difference is 
A7= |Vi- yj = k e Q_ {b ~ a) 

ab 

Substituting this value for AT into Equation 26.1, we obtain 


Figure 26.6 A spherical capacitor consists of an inner sphere of 
radius a surrounded by a concentric spherical shell of radius b. The 
electric field between the spheres is directed radially outward when 
the inner sphere is positively charged. 


q a fj Exercise Show that as the radius b of the outer sphere ap- 

m k (b — a) ( 26 . 6 ) proaches infinity, the capacitance approaches the value 

a/k e = 47re 0 a. 



mssssxm* 

What is the magnitude of the electric field in the region outside the spherical capacitor de¬ 
scribed in Example 26.3? 


26.3 COMBINATIONS OF CAPACITORS 


; o Two or more capacitors often are combined in electric circuits. We can calculate 
13.5 the equivalent capacitance of certain combinations using methods described in 
this section. The circuit symbols for capacitors and batteries, as well as the color 
codes used for them in this text, are given in Figure 26.7. The symbol for the ca¬ 
pacitor reflects the geometry of the most common model for a capacitor—a pair 
of parallel plates. The positive terminal of the battery is at the higher potential 
and is represented in the circuit symbol by the longer vertical line. 


Parallel Combination 

Two capacitors connected as shown in Figure 26.8a are known as a parallel combina¬ 
tion of capacitors. Figure 26.8b shows a circuit diagram for this combination of ca¬ 
pacitors. The left plates of the capacitors are connected by a conducting wire to 
the positive terminal of the battery and are therefore both at the same electric po¬ 
tential as the positive terminal. Likewise, the right plates are connected to the neg¬ 
ative terminal and are therefore both at the same potential as the negative termi¬ 
nal. Thus, the individual potential differences across capacitors connected in 
parallel are all the same and are equal to the potential difference applied 
across the combination. 

In a circuit such as that shown in Figure 26.8, the voltage applied across the 
combination is the terminal voltage of the battery. Situations can occur in which 


Capacitor 

symbol 


Battery 

symbol 


Hh 


Switch 

symbol 


Figure 26.7 Circuit symbols for 
capacitors, batteries, and switches. 
Note that capacitors are in blue 
and batteries and switches are in 
red. 
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AVj = AV«, = AT 

C, 


p 


Ay Ay 


Figure 26.8 (a) A parallel combination of two capacitors in an electric circuit in which the po¬ 

tential difference across the battery terminals is Ay (b) The circuit diagram for the parallel com¬ 
bination. (c) The equivalent capacitance is C eq = Cj + C 2 . 


the parallel combination is in a circuit with other circuit elements; in such situa¬ 
tions, we must determine the potential difference across the combination by ana¬ 
lyzing the entire circuit. 

When the capacitors are first connected in the circuit shown in Figure 26.8, 
electrons are transferred between the wires and the plates; this transfer leaves the 
left plates positively charged and the right plates negatively charged. The energy 
source for this charge transfer is the internal chemical energy stored in the bat¬ 
tery, which is converted to electric potential energy associated with the charge sep¬ 
aration. The flow of charge ceases when the voltage across the capacitors is equal 
to that across the battery terminals. The capacitors reach their maximum charge 
when the flow of charge ceases. Let us call the maximum charges on the two ca¬ 
pacitors Q ] and Q%. The total charge Q stored by the two capacitors is 

Q=Qi + Q 2 (26.7) 

That is, the total charge on capacitors connected in parallel is the sum of the 
charges on the individual capacitors. Because the voltages across the capacitors 
are the same, the charges that they carry are 

Q! = CiAy Q 2 = C 2 AV 

Suppose that we wish to replace these two capacitors by one equivalent capacitor 
having a capacitance C eq , as shown in Figure 26.8c. The effect this equivalent ca¬ 
pacitor has on the circuit must be exactly the same as the effect of the combina¬ 
tion of the two individual capacitors. That is, the equivalent capacitor must store Q 
units of charge when connected to the battery. We can see from Figure 26.8c that 
the voltage across the equivalent capacitor also is AT because the equivalent capac- 
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itor is connected directly across the battery terminals. Thus, for the equivalent ca¬ 
pacitor, 

Q = C eq AT 

Substituting these three relationships for charge into Equation 26.7, we have 
C eq AT = Cj AT + C 2 AV 

c eq = c, + c 2 f para " el . ) 

4 \combmation / 

If we extend this treatment to three or more capacitors connected in parallel, 
we find the equivalent capacitance to be 

C eq = Cj + C 2 + C 3 + • ■ ■ (parallel combination) (26.8) 

Thus, the equivalent capacitance of a parallel combination of capacitors is 
greater than any of the individual capacitances. This makes sense because we 
are essentially combining the areas of all the capacitor plates when we connect 
them with conducting wire. 


Series Combination 

Two capacitors connected as shown in Figure 26.9a are known as a series combina¬ 
tion of capacitors. The left plate of capacitor 1 and the right plate of capacitor 2 
are connected to the terminals of a battery. The other two plates are connected to 
each other and to nothing else; hence, they form an isolated conductor that is ini¬ 
tially uncharged and must continue to have zero net charge. To analyze this com¬ 
bination, let us begin by considering the uncharged capacitors and follow what 
happens just after a battery is connected to the circuit. When the battery is con¬ 




figure 26.9 (a) A series combination of two capacitors. The charges on the two capacitors are 

the same, (b) The capacitors replaced by a single equivalent capacitor. The equivalent capaci¬ 
tance can be calculated from the relationship 


1 1 1 
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nected, electrons are transferred out of the left plate of Ci and into the right plate 
of C 2 . As this negative charge accumulates on the right plate of C 2 , an equivalent 
amount of negative charge is forced off the left plate of C 2 , and this left plate 
therefore has an excess positive charge. The negative charge leaving the left plate 
of C 2 travels through the connecting wire and accumulates on the right plate of 
Ci. As a result, all the right plates end up with a charge — Q, and all the left plates 
end up with a charge + Q. Thus, the charges on capacitors connected in series 
are the same. 

From Figure 26.9a, we see that the voltage AT across the battery terminals is 
split between the two capacitors: 

AF = AVj + AF 2 (26.9) 

where AF| and AF 2 are the potential differences across capacitors Ci and C 2 , re¬ 
spectively. In general, the total potential difference across any number of ca¬ 
pacitors connected in series is the sum of the potential differences across 
the individual capacitors. 

Suppose that an equivalent capacitor has the same effect on the circuit as the 
series combination. After it is fully charged, the equivalent capacitor must have a 
charge of — Q on its right plate and a charge of + Q_ on its left plate. Applying the 
definition of capacitance to the circuit in Figure 26.9b, we have 



Because we can apply the expression Q — CAT to each capacitor shown in Figure 
26.9a, the potential difference across each is 



Substituting these expressions into Equation 26.9 and noting that AT = Q/C eq , 
we have 


Q Q. , Q. 

c eq c, c 2 

Canceling Q, we arrive at the relationship 

1 _ 1 + 1 | series \ 

C eq Ci C 2 \combination / 

When this analysis is applied to three or more capacitors connected in series, the 
relationship for the equivalent capacitance is 


1 _ _1 ! 1_!_1_^ /series 

C eq C, C 2 C 3 \combination, 


(26.10) 


This demonstrates that the equivalent capacitance of a series combination is 
always less than any individual capacitance in the combination. 


EXAMPLE 26.4 Equivalent Capacitance 

Find the equivalent capacitance between a and bior the com- Solution Using Equations 26.8 and 26.10, we reduce the 
bination of capacitors shown in Figure 26.10a. All capaci- combination step by step as indicated in the figure. The 
tances are in microfarads. 1.0-p,F and 3.0-p.F capacitors are in parallel and combine ac- 
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cording to the expression C eq = Ci + C 2 = 4.0 /xF. The 
2.0-/xF and 6.0-qF capacitors also are in parallel and have an 
equivalent capacitance of 8.0 p,F. Thus, the upper branch in 
Figure 26.10b consists of two 4.0-/xF capacitors in series, 
which combine as follows: 


The lower branch in Figure 26.10b consists of two 8.0-p.F ca¬ 
pacitors in series, which combine to yield an equivalent ca¬ 
pacitance of 4.0 pF. Finally, the 2.0-pF and 4.0-pF capacitors 
in Figure 26.10c are in parallel and thus have an equivalent 
capacitance of 6.0 pF. 


1 1 1 1 
C eq Ci C 2 4.0 pF 4.0 pF 2.0 pF 


Exercise Consider three capacitors having capacitances of 
3.0 pF, 6.0 pF, and 12 pF. Find their equivalent capacitance 
when they are connected (a) in parallel and (b) in series. 

Answer (a) 21 pF; (b) 1.7 pF. 



Figure 26.10 To find the equivalent capacitance of the capacitors in part (a), we 
reduce the various combinations in steps as indicated in parts (b), (c), and (d), using 
the series and parallel rules described in the text. 


26.4 ENERGY STORED IN A CHARGED CAPACITOR 

■J'-i Almost everyone who works with electronic equipment has at some time verified 
^ that a capacitor can store energy. If the plates of a charged capacitor are con¬ 
nected by a conductor, such as a wire, charge moves between the plates and the 
o ) connecting wire until the capacitor is uncharged. The discharge can often be ob- 
13.5 served as a visible spark. If you should accidentally touch the opposite plates of a 
charged capacitor, your fingers act as a pathway for discharge, and the result is an 
electric shock. The degree of shock you receive depends on the capacitance and 
on the voltage applied to the capacitor. Such a shock could be fatal if high voltages 
are present, such as in the power supply of a television set. Because the charges 
can be stored in a capacitor even when the set is turned off, unplugging the televi¬ 
sion does not make it safe to open the case and touch the components inside. 

Consider a parallel-plate capacitor that is initially uncharged, such that the ini¬ 
tial potential difference across the plates is zero. Now imagine that the capacitor is 
connected to a battery and develops a maximum charge Q. (We assume that the 
capacitor is charged slowly so that the problem can be considered as an electrosta¬ 
tic system.) When the capacitor is connected to the battery, electrons in the wire 
just outside the plate connected to the negative terminal move into the plate to 
give it a negative charge. Electrons in the plate connected to the positive terminal 
move out of the plate into the wire to give the plate a positive charge. Thus, 
charges move only a small distance in the wires. 

To calculate the energy of the capacitor, we shall assume a different process— 
one that does not actually occur but gives the same final result. We can make this 
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QuickLab _]► 

Here’s how to find out whether your 
calculator has a capacitor to protect 
values or programs during battery 
changes: Store a number in your cal¬ 
culator’s memory, remove the calcu¬ 
lator battery for a moment, and then 
quickly replace it. Was the number 
that you stored preserved while the 
battery was out of the calculator? 

(You may want to write down any crit¬ 
ical numbers or programs that are 
stored in the calculator before trying 
this!) 


Energy stored in a charged 
capacitor 


assumption because the energy in the final configuration does not depend on the 
actual charge-transfer process. We imagine that we reach in and grab a small 
amount of positive charge on the plate connected to the negative terminal and ap¬ 
ply a force that causes this positive charge to move over to the plate connected to 
the positive terminal. Thus, we do work on the charge as we transfer it from one 
plate to the other. At first, no work is required to transfer a small amount of 
charge dq from one plate to the other. 3 However, once this charge has been trans¬ 
ferred, a small potential difference exists between the plates. Therefore, work 
must be done to move additional charge through this potential difference. As 
more and more charge is transferred from one plate to the other, the potential dif¬ 
ference increases in proportion, and more work is required. 

Suppose that q is the charge on the capacitor at some instant during the 
charging process. At the same instant, the potential difference across the capacitor 
is AT = q/C. From Section 25.2, we know that the work necessary to transfer an in¬ 
crement of charge dq from the plate carrying charge — q to the plate carrying 
charge q (which is at the higher electric potential) is 

dW= AVdq = -^dq 

This is illustrated in Figure 26.11. The total work required to charge the capacitor 
from q = 0 to some final charge q = Q is 



The work done in charging the capacitor appears as electric potential energy U 
stored in the capacitor. Therefore, we can express the potential energy stored in a 
charged capacitor in the following forms: 

O 2 

c/=^7 = |<2Ay=ic ( Ay )2 (26.ii) 

This result applies to any capacitor, regardless of its geometry. We see that for a 
given capacitance, the stored energy increases as the charge increases and as the 
potential difference increases. In practice, there is a limit to the maximum energy 



Figure 26.11 A plot of potential difference versus charge for 
a capacitor is a straight line having a slope 1/ C. The work re¬ 
quired to move charge dq through the potential difference AF 
across the capacitor plates is given by the area of the shaded 
rectangle. The total work required to charge the capacitor to a 
final charge Q is the triangular area under the straight line, 

W = \QAV. (Don’t forget that 1 V = 1J/C; hence, the unit 
for the area is the joule.) 


3 We shall use lowercase q for the varying charge on the capacitor while it is charging, to distinguish it 
from uppercase Q, which is the total charge on the capacitor after it is completely charged. 
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(or charge) that can be stored because, at a sufficiently great value of A.V, dis¬ 
charge ultimately occurs between the plates. For this reason, capacitors are usually 
labeled with a maximum operating voltage. 


Quick Quiz 26 




You have three capacitors and a battery. How should you combine the capacitors and the 
battery in one circuit so that the capacitors will store the maximum possible energy? 


We can consider the energy stored in a capacitor as being stored in the elec¬ 
tric field created between the plates as the capacitor is charged. This description is 
reasonable in view of the fact that the electric field is proportional to the charge 
on the capacitor. For a parallel-plate capacitor, the potential difference is related 
to the electric field through the relationship AV = Ed. Furthermore, its capaci¬ 
tance is C = e 0 A/d (Eq. 26.3). Substituting these expressions into Equation 26.11, 
we obtain 


u = (E*d 2 ) = j ( e 0 Ad)E 2 (26.12) 

Because the volume V (volume, not voltage!) occupied by the electric field is Ad, 
the energy per unit volume u E = U/V = U/Ad, known as the energy density, is 

u E = \e oE 2 (26.13) 


Energy stored in a parallel-plate 
capacitor 


Energy density in an electric field 


Although Equation 26.13 was derived for a parallel-plate capacitor, the expression 
is generally valid. That is, the energy density in any electric field is propor¬ 
tional to the square of the magnitude of the electric field at a given point. 



This bank of capacitors stores electrical en¬ 
ergy for use in the particle accelerator at 
FermiLab, located outside Chicago. Be¬ 
cause the electric utility company cannot 
provide a large enough burst of energy to 
operate the equipment, these capacitors 
are slowly charged up, and then the energy 
is rapidly “dumped” into the accelerator. In 
this sense, the setup is much like a fire- 
protection water tank on top of a building. 
The tank collects water and stores it for sit¬ 
uations in which a lot of water is needed in 




816 


CHAPTER 26 Capacitance and Dielectrics 


EXAMPLE 26.5 Rewiring Two Charged Capacitors 


Two capacitors Ci and C 2 (where C\> C 2 ) are charged to 
the same initial potential difference A Vj, but with opposite 
polarity. The charged capacitors are removed from the bat¬ 
tery, and their plates are connected as shown in Figure 
26.12a. The switches S| and S 2 are then closed, as shown in 
Figure 26.12b. (a) Find the final potential difference AVj be¬ 
tween a and b after the switches are closed. 


Solution Let us identify the left-hand plates of the capaci¬ 
tors as an isolated system because they are not connected to 
the right-hand plates by conductors. The charges on the left- 
hand plates before the switches are closed are 

Q u = Cj A V t and Q 2i = - C 2 AV, 

The negative sign for Q 2i ' s necessary because the charge on 
the left plate of capacitor C 2 is negative. The total charge Cl 
in the system is 

(1) 0 = On + 0‘li = (Cy - c 2 )AT, 

After the switches are closed, the total charge in the system 
remains the same: 

(2) Q = Qt/+ Q.2/ 

The charges redistribute until the entire system is at the same 
potential AVp Thus, the final potential difference across C x 
must be the same as the final potential difference across C 2 . 
To satisfy this requirement, the charges on the capacitors af¬ 
ter the switches are closed are 


0y= C x \V f and Q 2/ = C 2 \V f 
Dividing the first equation by the second, we have 
Qy C^Vj Cl 

Q 2f C 2 AV f C 2 

(3) 0.1 /= 02f 


Combining Equations (2) and (3), we obtain 

0 ~ 0 i/+ O2 f~ O2f + Qz/ = 62/^1 + 

e( Cj + 2 c 2 ) 

Using Equation (3) to find (?i/ in terms of Q, we have 

0\f r. O 2 f p q{ /-< 1 /-i ) y _i_ y 


Finally, using Equation 26.1 to find the voltage across each ca¬ 
pacitor, we find that 


Olf 



Figure 26.12 


O2f _ 


As noted earlier, A\\ f = A V 2 f = A Vj. 

To express AVf in terms of the given quantities C 1; C 2 , and 
A we substitute the value of (l from Equation (1) to obtain 


(b) Find the total energy stored in the capacitors before 
and after the switches are closed and the ratio of the final en¬ 
ergy to the initial energy. 


Solution Before the switches are closed, the total energy 
stored in the capacitors is 

Ui = IC^AT;) 2 + gC 2 ( AV,) 2 = | (Ci + C 2 ) (AT,) 2 


After the switches are closed, the total energy stored in 
capacitors is 


U f = £Cj( AV f f + |C 2 (AT / ) 2 =1(0! + C 2 )(AF / ) 2 


g 

V Ci + c 2 / 


1 Q 2 

2 c x + c 2 


the 


Using Equation (1), we can express this 


1 (f 1 (C! - c 2 ) 2 (Ay ,.) 2 

f 2 (Cl + C 2 ) 2 (O, + C 2 ) 


Therefore, the ratio of the final energy stored to the initial 
energy stored is 


(Ct ~ C 2 )HAV ,) 2 
(Cl + C 2 ) 
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This ratio is less than unity, indicating that the final energy 
is less than the initial energy. At first, you might think that 
the law of energy conservation has been violated, but this 


is not the case. The “missing” energy is radiated away in 
the form of electromagnetic waves, as we shall see in Chap¬ 
ter 34. 


MB*"*™*- 

You charge a parallel-plate capacitor, remove it from the battery, and prevent the wires con¬ 
nected to the plates from touching each other. When you pull the plates apart, do the fol¬ 
lowing quantities increase, decrease, or stay the same? (a) C; (b) Q; (c) E between the 
plates; (d) AT; (e) energy stored in the capacitor. 


Quick Quiz 26.5 < 


Repeat Quick Quiz 26.4, but this time answer the questions for the situation in which the 
battery remains connected to the capacitor while you pull the plates apart. 


One device in which capacitors have an important role is the defibrillator (Fig. 

26.13). Up to 360 J is stored in the electric field of a large capacitor in a defibrilla- j 0 i ea rn more about defibrillators, visit 

tor when it is fully charged. The defibrillator can deliver all this energy to a patient www.physiocontroi.com 

in about 2 ms. (This is roughly equivalent to 3 000 times the power output of a 
60-W lightbulb!) The sudden electric shock stops the fibrillation (random contrac¬ 
tions) of the heart that often accompanies heart attacks and helps to restore the 
correct rhythm. 

A camera’s flash unit also uses a capacitor, although the total amount of en¬ 
ergy stored is much less than that stored in a defibrillator. After the flash unit’s ca¬ 
pacitor is charged, tripping the camera’s shutter causes the stored energy to be 
sent through a special lightbulb that briefly illuminates the subject being pho¬ 
tographed. 



Figure 26.13 In a hospital 
or at an emergency scene, you 
might see a patient being re¬ 
vived with a defibrillator. The 
defibrillator’s paddles are ap¬ 
plied to the patient’s chest, 
and an electric shock is sent 
through the chest cavity. The 
aim of this technique is to re¬ 
store the heart’s normal 
rhythm pattern. 
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26.5 CAPACITORS WITH DIELECTRICS 

A dielectric is a nonconducting material, such as rubber, glass, or waxed paper. 
When a dielectric is inserted between the plates of a capacitor, the capacitance in¬ 
creases. If the dielectric completely fills the space between the plates, the capaci¬ 
tance increases by a dimensionless factor k, which is called the dielectric con¬ 
stant. The dielectric constant is a property of a material and varies from one 
material to another. In this section, we analyze this change in capacitance in terms 
of electrical parameters such as electric charge, electric field, and potential differ¬ 
ence; in Section 26.7, we shall discuss the microscopic origin of these changes. 

We can perform the following experiment to illustrate the effect of a dielectric 
in a capacitor: Consider a parallel-plate capacitor that without a dielectric has a 
charge Q 0 and a capacitance C 0 . The potential difference across the capacitor is 
A Vo = Q 0 /C 0 . Figure 26.14a illustrates this situation. The potential difference is 
measured by a voltmeter, which we shall study in greater detail in Chapter 28. Note 
that no battery is shown in the figure; also, we must assume that no charge can 
flow through an ideal voltmeter, as we shall learn in Section 28.5. Hence, there is 
no path by which charge can flow and alter the charge on the capacitor. If a dielec¬ 
tric is now inserted between the plates, as shown in Figure 26.14b, the voltmeter 
indicates that the voltage between the plates decreases to a value A V. The voltages 
with and without the dielectric are related by the factor k as follows: 



Because AV< AV 0 , we see that k> 1. 

Because the charge Qo on the capacitor does not change, we conclude that 
the capacitance must change to the value 

Q : QO — Hff _ Q.0 

AV AVo/k A% 

The capacitance of a filled 
capacitor is greater than that of an 
empty one by a factor k. 


From Equations 26.3 and 26.15, it would appear that we could make the ca¬ 
pacitance very large by decreasing d, the distance between the plates. In practice, 
the lowest value of d is limited by the electric discharge that could occur through 
the dielectric medium separating the plates. For any given separation d, the maxi¬ 
mum voltage that can be applied to a capacitor without causing a discharge de¬ 
pends on the dielectric strength (maximum electric field) of the dielectric. If the 
magnitude of the electric field in the dielectric exceeds the dielectric strength, 
then the insulating properties break down and the dielectric begins to conduct. 
Insulating materials have values of k greater than unity and dielectric strengths 

4 If the dielectric is introduced while the potential difference is being maintained constant by a battery, 
the charge increases to a value Q = kQq . The additional charge is supplied by the battery, and the ca¬ 
pacitance again increases by the factor k. 


= kC 0 


(26.14) 


That is, the capacitance increases by the factor k when the dielectric completely fills 
the region between the plates. 4 For a parallel-plate capacitor, where C 0 = e 0 A/ d 
(Eq. 26.3), we can express the capacitance when the capacitor is filled with a di¬ 
electric as 

. e o^ 

C d 


C = H 


(26.15) 
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Dielectric 



(b) 


Figure 26.14 A charged capacitor (a) before and (b) after insertion of a dielectric between the 
plates. The charge on the plates remains unchanged, but the potential difference decreases from 
A VJi to A V= A V 0 /K. Thus, the capacitance increases from C 0 to kC 0 . 


greater than that of air, as Table 26.1 indicates. Thus, we see that a dielectric pro¬ 
vides the following advantages: 

• Increase in capacitance 

• Increase in maximum operating voltage 

• Possible mechanical support between the plates, which allows the plates to be 
close together without touching, thereby decreasing d and increasing C 


TABLE 26.1 Dielectric Constants and Dielectric Strengths 
of Various Materials at Room Temperature 


Material 

Dielectric 
Constant k 

Dielectric 
Strength 3 (V/m) 

Air (dry) 

1.000 59 

3 X 10 6 

Bakelite 

4.9 

24 X 10 6 

Fused quartz 

3.78 

8 X 10 6 

Neoprene rubber 

6.7 

12 X 10 6 

Nylon 

3.4 

14 X 10 6 

Paper 

3.7 

16 X 10 6 

Polystyrene 

2.56 

24 X 10 6 

Polyvinyl chloride 

3.4 

40 X 10 6 

Porcelain 

6 

12 X 10 6 

Pyrex glass 

5.6 

14 X 10 6 

Silicone oil 

2.5 

15 X 10 6 

Strontium titanate 

233 

8 X 10 6 

Teflon 

2.1 

60 X 10 6 

Vacuum 

1.000 00 

— 

Water 

80 

- 


a The dielectric strength equals the maximum electric field that can exist in a 
dielectric without electrical breakdown. Note that these values depend 
strongly on the presence of impurities and flaws in the materials. 
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(a) (b) 


(a) Killian photograph created by dropping a steel ball into a high-energy electric field. Kirlian 
photography is also known as electrophotography, (b) Sparks from static electricity discharge be¬ 
tween a fork and four electrodes. Many sparks were used to create this image because only one 
spark forms for a given discharge. Note that the bottom prong discharges to both electrodes at 
the bottom right. The light of each spark is created by the excitation of gas atoms along its path. 


Types of Capacitors 

Commercial capacitors are often made from metallic foil interlaced with thin 
sheets of either paraffin-impregnated paper or Mylar as the dielectric material. 
These alternate layers of metallic foil and dielectric are rolled into a cylinder to 
form a small package (Fig. 26.15a). High-voltage capacitors commonly consist of a 
number of interwoven metallic plates immersed in silicone oil (Fig. 26.15b). Small 
capacitors are often constructed from ceramic materials. Variable capacitors (typi¬ 
cally 10 to 500 pF) usually consist of two interwoven sets of metallic plates, one 
fixed and the other movable, and contain air as the dielectric. 

Often, an electrolytic capacitor is used to store large amounts of charge at rela¬ 
tively low voltages. This device, shown in Figure 26.15c, consists of a metallic foil in 
contact with an electrolyte —a solution that conducts electricity by virtue of the mo¬ 
tion of ions contained in the solution. When a voltage is applied between the foil 
and the electrolyte, a thin layer of metal oxide (an insulator) is formed on the foil, 



Figure 26.15 Three commercial capacitor designs, (a) A tubular capacitor, whose plates are 
separated by paper and then rolled into a cylinder, (b) A high-voltage capacitor consisting of 
many parallel plates separated by insulating oil. (c) An electrolytic capacitor. 
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and this layer serves as the dielectric. Very large values of capacitance can be ob¬ 
tained in an electrolytic capacitor because the dielectric layer is very thin, and thus 
the plate separation is very small. 

Electrolytic capacitors are not reversible as are many other capacitors—they 
have a polarity, which is indicated by positive and negative signs marked on the de¬ 
vice. When electrolytic capacitors are used in circuits, the polarity must be aligned 
properly. If the polarity of the applied voltage is opposite that which is intended, 
the oxide layer is removed and the capacitor conducts electricity instead of storing 
charge. 

If you have ever tried to hang a picture, you know it can be difficult to locate a wooden stud 
in which to anchor your nail or screw. A carpenter’s stud-finder is basically a capacitor with 
its plates arranged side by side instead of facing one another, as shown in Figure 26.16. 
When the device is moved over a stud, does the capacitance increase or decrease? 




Figure 26.16 A stud-finder, (a)The materials between the plates of the capacitor are the wall- 
board and air. (b) When die capacitor moves across a stud in the wall, the materials between the 
plates are the wallboard and the wood. The change in the dielectric constant causes a signal light 
to illuminate. 


EXAMPLE 26.6 A Paper-Filled Capacitor 


A parallel-plate capacitor has plates of dimensions 2.0 cm by 
3.0 cm separated by a 1.0-mm thickness of paper, (a) Find its 
capacitance. 

Solution Because k = 3.7 for paper (see Table 26.1), we 
C= .if. 3.7(8.85 X 


the paper is 1.0 mm, the maximum voltage that 
plied before breakdown is 

Ay max = E max d = (16 X 10 6 V/m)(1.0 X 10' 
= 16 X 10 3 V 

Hence, the maximum charge is 
£} max = CAV max = (20 X 10 -12 F)(16 X 10 3 V) = 


= 20 X 10 -12 F = 20 pF 

(b) What is the maximum charge that can be placed on 
the capacitor? 

Solution From Table 26.1 we see that the dielectric 
strength of paper is 16 X 10 6 V/m. Because the thickness of 


Exercise What is the maximum energy that 
in the capacitor? 

Answer 2.6 X 10 _3 J. 


can be ap- 
3 m) 

0.32 fiC 

l be stored 
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EXAMPLE 26. 7 Energy Stored Before and After 

A parallel-plate capacitor is charged with a battery to a charge 
Qo, as shown in Figure 26.17a. The battery is then removed, 
and a slab of material that has a dielectric constant k is in¬ 
serted between the plates, as shown in Figure 26.17b. Find 
the energy stored in the capacitor before and after the dielec¬ 
tric is inserted. 

Solution The energy stored in the absence of the dielec¬ 
tric is (see Eq. 26.11): 


Exercise Suppose that the capacitance in the absence of a 
dielectric is 8.50 pF and that the capacitor is charged to a po¬ 
tential difference of 12.0 V. If the battery is disconnected and 
a slab of polystyrene is inserted between the plates, what is 
U 0 ~ U? 

Answer 373 pj. 


Cl 

II 


So 


2C 0 

Co 


After the battery is removed and the dielectric inserted, the 
charge on the capacitor remains the same. Hence, the energy 
stored in the presence of the dielectric is 








2 C 


ll 


But the capacitance in the presence of the dielectric is 


1 'at 0 

C = kC 0 , so U becomes 


(a) 


U= Jlt = «L 



2kCq k 



Dielectric 

Because k > 1, the final energy is less than the initial energy. 

We can account for the “missing” energy by noting that the 

So 



dielectric, when inserted, gets pulled into the device (see the 
following discussion and Figure 26.18). An external agent 







must do negative work to keep the dielectric from accelerat¬ 

ing. This work is simply the difference U — U 0 . (Alternatively, 
the positive work done by the system on the external agent is 


(b) 



Uq — U.) Figure 26.17 


As we have seen, the energy of a capacitor not connected to a battery is low¬ 
ered when a dielectric is inserted between the plates; this means that negative 
work is done on the dielectric by the external agent inserting the dielectric into 
the capacitor. This, in turn, implies that a force that draws it into the capacitor 
must be acting on the dielectric. This force originates from the nonuniform na¬ 
ture of the electric field of the capacitor near its edges, as indicated in Figure 
26.18. The horizontal component of this fringe field acts on the induced charges on 
the surface of the dielectric, producing a net horizontal force directed into the 
space between the capacitor plates. 


Quick Quiz 26. 7 ^ 


A fully charged parallel-plate capacitor remains connected to a battery while you slide a di¬ 
electric between the plates. Do the following quantities increase, decrease, or stay the same? 
(a) C; (b) £?; (c) B between the plates; (d) AT; (e) energy stored in the capacitor. 
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Figure 26.18 The nonuniform electric field near the edges of a parallel-plate capacitor causes 
a dielectric to be pulled into the capacitor. Note that the field acts on the induced surface 
charges on the dielectric, which are nonuniformly distributed. 


Optional Section 

26.6 ELECTRIC DIPOLE IN AN ELECTRIC FIELD 

We have discussed the effect on the capacitance of placing a dielectric between the 
plates of a capacitor. In Section 26.7, we shall describe the microscopic origin of 
this effect. Before we can do so, however, we need to expand upon the discussion 
of the electric dipole that we began in Section 23.4 (see Example 23.6). The elec¬ 
tric dipole consists of two charges of equal magnitude but opposite sign separated 
by a distance 2 a, as shown in Figure 26.19. The electric dipole moment of this 
configuration is defined as the vector p directed from — q to + q along the line 
joining the charges and having magnitude 2 aq: 

p=2aq (26.16) 

Now suppose that an electric dipole is placed in a uniform electric field E, as 
shown in Figure 26.20. We identify E as the field external to the dipole, distin¬ 
guishing it from the field due to the dipole, which we discussed in Section 23.4. 
The field E is established by some other charge distribution, and we place the di¬ 
pole into this field. Let us imagine that the dipole moment makes an angle 6 
with the field. 

The electric forces acting on the two charges are equal in magnitude but op¬ 
posite in direction as shown in Figure 26.20 (each has a magnitude F = qE). Thus, 
the net force on the dipole is zero. However, the two forces produce a net torque 
on the dipole; as a result, the dipole rotates in the direction that brings the dipole 
moment vector into greater alignment with the field. The torque due to the force 
on the positive charge about an axis through O in Figure 26.20 is Fa sin 0, where 
a sin 6 is the moment arm of F about O. This force tends to produce a clockwise 
rotation. The torque about O on the negative charge also is Fa sin 0; here again, 
the force tends to produce a clockwise rotation. Thus, the net torque about O is 

r = 2 Fa sin 0 

Because F = qE and p = 2 aq, we can express ras 

r = 2aqE sin 0 = pE sin 0 (26.17) 



Figure 26.19 An electric dipole 
consists of two charges of equal 
magnitude but opposite sign sepa¬ 
rated by a distance of 2a. The elec¬ 
tric dipole moment p is directed 
from — q to +q. 



Figure 26.20 An electric dipole 
in a uniform external electric field. 
The dipole moment p is at an an¬ 
gle 0 to the field, causing the di¬ 
pole to experience a torque. 



















824 


CHAPTER 26 Capacitance and Dielectrics 


Torque on an electric dipole in an 
external electric field 


Potential energy of a dipole in an 
electric field 


It is convenient to express the torque in vector form as the cross product of the 
vectors p and E: 

t — p x E (26.18) 

We can determine the potential energy of the system of an electric dipole in 
an external electric field as a function of the orientation of the dipole with respect 
to the field. To do this, we recognize that work must be done by an external agent 
to rotate the dipole through an angle so as to cause the dipole moment vector to 
become less aligned with the field. The work done is then stored as potential en¬ 
ergy in the system of the dipole and the external field. The work dW required to 
rotate the dipole through an angle dO is dW = t dO (Eq. 10.22). Because 
t = pE sin 6 and because the work is transformed into potential energy U, we find 
that, for a rotation from 9, to Op the change in potential energy is 

Uf—Uj^J t dO = J pE sin 6 dO = pE J sin 6 d6 
= cos 1 = pE(cos 0, — cos Of) 

The term that contains cos 0; is a constant that depends on the initial orienta¬ 
tion of the dipole. It is convenient for us to choose 0, = 90°, so that cos 8, = cos 
90° = 0. Furthermore, let us choose t/j = 0 at 0 t = 90° as our reference of poten¬ 
tial energy. Hence, we can express a general value of U = Uj as 

U= - pEcos 0 (26.19) 

We can write this expression for the potential energy of a dipole in an electric field 
as the dot product of the vectors p and E: 

U = —p • E (26.20) 

To develop a conceptual understanding of Equation 26.19, let us compare this 
expression with the expression for the potential energy of an object in the gravita¬ 
tional field of the Earth, U = mgh (see Chapter 8). The gravitational expression in¬ 
cludes a parameter associated with the object we place in the field—its mass m. 
Likewise, Equation 26.19 includes a parameter of the object in the electric field — 
its dipole moment p. The gravitational expression includes the magnitude of the 
gravitational field g. Similarly, Equation 26.19 includes the magnitude of the elec¬ 
tric field E. So far, these two contributions to the potential energy expressions ap¬ 
pear analogous. However, the final contribution is somewhat different in the two 
cases. In the gravitational expression, the potential energy depends on how high 
we lift the object, measured by h. In Equation 26.19, the potential energy depends 
on the angle 0 through which we rotate the dipole. In both cases, we are making a 
change in the system. In the gravitational case, the change involves moving an ob¬ 
ject in a translational sense, whereas in the electrical case, the change involves mov¬ 
ing an object in a rotational sense. In both cases, however, once the change is 
made, the system tends to return to the original configuration when the object is 
released: the object of mass m falls back to the ground, and the dipole begins to 
rotate back toward the configuration in which it was aligned with the field. Thus, 
apart from the type of motion, the expressions for potential energy in these two 
cases are similar. 
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Molecules are said to be polarized when a separation exists between the average 
position of the negative charges and the average position of the positive charges in 
the molecule. In some molecules, such as water, this condition is always present— 
such molecules are called polar molecules. Molecules that do not possess a per¬ 
manent polarization are called nonpolar molecules. 

We can understand the permanent polarization of water by inspecting the 
geometry of the water molecule. In the water molecule, the oxygen atom is 
bonded to the hydrogen atoms such that an angle of 105° is formed between the 
two bonds (Fig. 26.21). The center of the negative charge distribution is near the 
oxygen atom, and the center of the positive charge distribution lies at a point mid¬ 
way along the line joining the hydrogen atoms (the point labeled X in Fig. 26.21). 
We can model the water molecule and other polar molecules as dipoles because 
the average positions of the positive and negative charges act as point charges. As a 
result, we can apply our discussion of dipoles to the behavior of polar molecules. 

Microwave ovens take advantage of the polar nature of the water molecule. 
When in operation, microwave ovens generate a rapidly changing electric field 
that causes the polar molecules to swing back and forth, absorbing energy from 
the field in the process. Because the jostling molecules collide with each other, the 
energy they absorb from the field is converted to internal energy, which corre¬ 
sponds to an increase in temperature of the food. 

Another household scenario in which the dipole structure of water is ex¬ 
ploited is washing with soap and water. Grease and oil are made up of nonpolar 
molecules, which are generally not attracted to water. Plain water is not very useful 
for removing this type of grime. Soap contains long molecules called surfactants. In 
a long molecule, the polarity characteristics of one end of the molecule can be dif¬ 
ferent from those at the other end. In a surfactant molecule, one end acts like a 
nonpolar molecule and the other acts like a polar molecule. The nonpolar end 
can attach to a grease or oil molecule, and the polar end can attach to a water mol¬ 
ecule. Thus, the soap serves as a chain, linking the dirt and water molecules to¬ 
gether. When the water is rinsed away, the grease and oil go with it. 

A symmetric molecule (Fig. 26.22a) has no permanent polarization, but polar¬ 
ization can be induced by placing the molecule in an electric field. A field directed 
to the left, as shown in Figure 26.22b, would cause the center of the positive 
charge distribution to shift to the left from its initial position and the center of the 
negative charge distribution to shift to the right. This induced polarization is the ef¬ 
fect that predominates in most materials used as dielectrics in capacitors. 



Figure 26.21 The water mole¬ 
cule, H a O, has a permanent polar¬ 
ization resulting from its bent 
geometry. The center of the posi¬ 
tive charge distribution is at the 
point X. 


9 


Q- ©- 

(a) 


-© 


-Q-©- 


(b) 

Figure 26.22 (a) A symmetric 

molecule has no permanent polar¬ 
ization. (b) An external electric 
field induces a polarization in the 
molecule. 


EXAMPLE 26.8 The H z 0 Molecule 

The water (H 2 0) molecule has an electric dipole moment of 
6.3 X 10 -30 C-m. A sample contains 10 21 water molecules, 
with the dipole moments all oriented in the direction of an 
electric field of magnitude 2.5 X 10 5 N/C. How much work 
is required to rotate the dipoles from this orientation 
(0 = 0°) to one in which all the dipole moments are perpen¬ 
dicular to the field (0 = 90°) ? 

Solution The work required to rotate one molecule 90° is 
equal to the difference in potential energy between the 90° 
orientation and the 0° orientation. Using Equation 26.19, we 


obtain 

W= U 90 - U 0 = (— pE cos 90°) - (— pE cos 0°) 

= pE= (6.3 X KT 30 C-m) (2.5 X 10 5 N/C) 

= 1.6 X 10“ 24 J 

Because there are 10 21 molecules in the sample, the total 
work required is 

Wtotai = (10 21 ) (1.6 X 10“ 24 J) = 1.6 X 10“ 3 J 
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-► E 0 

(b) 


Figure 26.23 (a) Polar mole¬ 
cules are randomly oriented in the 
absence of an external electric 
field, (b) When an external field is 
applied, the molecules partially 
align with the field. 


Optional Section 


26.7 AN ATOMIC DESCRIPTION OF DIELECTRICS 


In Section 26.5 we found that the potential difference A V 0 between the plates of a 
capacitor is reduced to &V 0 /k when a dielectric is introduced. Because the poten¬ 
tial difference between the plates equals the product of the electric field and the 
separation d, the electric field is also reduced. Thus, if E 0 is the electric field with¬ 
out the dielectric, the field in the presence of a dielectric is 


E 


K 


( 26 . 21 ) 


Let us first consider a dielectric made up of polar molecules placed in the 
electric field between the plates of a capacitor. The dipoles (that is, the polar mol¬ 
ecules making up the dielectric) are randomly oriented in the absence of an elec¬ 
tric field, as shown in Figure 26.23a. When an external field E 0 due to charges on 
the capacitor plates is applied, a torque is exerted on the dipoles, causing them to 
partially align with the field, as shown in Figure 26.23b. We can now describe the 
dielectric as being polarized. The degree of alignment of the molecules with the 
electric field depends on temperature and on the magnitude of the field. In gen¬ 
eral, the alignment increases with decreasing temperature and with increasing 
electric field. 

If the molecules of the dielectric are nonpolar, then the electric field due to 
the plates produces some charge separation and an induced dipole moment. These 
induced dipole moments tend to align with the external field, and the dielectric is 
polarized. Thus, we can polarize a dielectric with an external field regardless of 
whether the molecules are polar or nonpolar. 

With these ideas in mind, consider a slab of dielectric material placed between 
the plates of a capacitor so that it is in a uniform electric field E 0 , as shown in Fig¬ 
ure 26.24a. The electric field due to the plates is directed to the right and polar¬ 
izes the dielectric. The net effect on the dielectric is the formation of an induced 
positive surface charge density (r inc i on the right face and an equal negative surface 
charge density — cr ind on the left face, as shown in Figure 26.24b. These induced 
surface charges on the dielectric give rise to an induced electric field E ind in the 
direction opposite the external field E 0 . Therefore, the net electric field E in the 


E 0 - ►Eq 




^ _ + 



-*-—- + 


-<Tin d 

-- +• 



- .- + 


(a) (b) 


Figure 26.24 (a) When a dielectric is polarized, the dipole moments of the molecules in the 

dielectric are partially aligned with the external field E 0 . (b) This polarization causes an induced 
negative surface charge on one side of the dielectric and an equal induced positive surface 
charge on the opposite side. This separation of charge results in a reduction in the net electric 
field within the dielectric. 
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dielectric has a magnitude 


E - E 0 — E ini 


(26.22) 


In the parallel-plate capacitor shown in Figure 26.25, the external field E 0 is 
related to the charge density cr on the plates through the relationship E 0 = cr/e 0 . 
The induced electric field in the dielectric is related to the induced charge density 
(r ind through the relationship £ ind = Oj nd /e 0 . Because E = Eq/k = (t/ kc 0 , substitu¬ 
tion into Equation 26.22 gives 


cr = o_ _ Oind 
«e o e 0 e 0 

(26.23) 

Because k > 1, this expression shows that the charge density cr ind induced on the 
dielectric is less than the charge density a on the plates. For instance, if k = 3, we 
see that the induced charge density is two-thirds the charge density on the plates. 
If no dielectric is present, then k = 1 and cr ind = 0 as expected. However, if the di¬ 
electric is replaced by an electrical conductor, for which E = 0, then Equation 
26.22 indicates that E 0 = E uul ; this corresponds to cr ind = cr. That is, the surface 
charge induced on the conductor is equal in magnitude but opposite in sign to 
that on the plates, resulting in a net electric field of zero in the conductor. 




Figure 26.25 Induced charge on 
a dielectric placed between the 
plates of a charged capacitor. Note 
that the induced charge density on 
the dielectric is less than the charge 
density on the plates. 


Example 26.9 Effect of a Metallic Slab 

A parallel-plate capacitor has a plate separation d and plate Solution In the result for part (a), we let a—* 0: 
area A. An uncharged metallic slab of thickness a is inserted 

midway between the plates, (a) Find the capacitance of the C = lim —--= —— 

device. a^o d - a d 


Solution We can solve this problem by noting that any 
charge that appears on one plate of the capacitor must in¬ 
duce a charge of equal magnitude but opposite sign on the 
near side of the slab, as shown in Figure 26.26a. Conse- 
quendy, the net charge on the slab remains zero, and the 
electric field inside the slab is zero. Hence, the capacitor is 
equivalent to two capacitors in series, each having a plate sep¬ 
aration (d — a)/ 2, as shown in Figure 26.26b. 

Using the rule for adding two capacitors in series (Eq. 
26.10), we obtain 

C Cj Cg e qA £q A 

(d - a )/2 {d a )/2 



which is the original capacitance. 



|(rf-q)/2 


\(d-a )/2 


(b) 


Note that C approaches infinity as a approaches d. Why? 

(b) Show that the capacitance is unaffected if the metallic 
slab is infinitesimally thin. 


Figure 26.26 (a) A parallel-plate capacitor of plate separation d 

partially filled with a metallic slab of thickness a. (b) The equivalent 
circuit of the device in part (a) consists of two capacitors in series, 
each having a plate separation (d - a)/ 2. 
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(c) Show that the answer to part (a) does not depend on 
where the slab is inserted. 

Solution Let us imagine that the slab in Figure 26.26a is 
moved upward so that the distance between the upper edge 
of the slab and the upper plate is b. Then, the distance be¬ 
tween the lower edge of the slab and the lower plate is 
d — b — a. As in part (a), we find the total capacitance of the 
series combination: 


_ 1 ___ 1 _ 1 _ 1 _ 1 _ 

C C\ C 2 6qA 6qA 


b d-b- a = d- a 
e 0 A e 0 A e 0 A 



This is the same result as in part (a). It is independent of the 
value of b, so it does not matter where the slab is located. 


EXAMPLE 26.10 A Partially Filled Capacitor 


A parallel-plate capacitor with a plate separation d has a ca¬ 
pacitance C 0 in the absence of a dielectric. What is the capac¬ 
itance when a slab of dielectric material of dielectric constant 
k and thickness Id is inserted between the plates (Fig. 
26.27a)? 


3 

2 

3 




n 


i 

u 





(a) 


Solution In Example 26.9, we found that we could insert a 
metallic slab between the plates of a capacitor and consider 
the combination as two capacitors in series. The resulting ca¬ 
pacitance was independent of the location of the slab. Fur¬ 
thermore, if the thickness of the slab approaches zero, then 
the capacitance of the system approaches the capacitance 
when the slab is absent. From this, we conclude that we can 
insert an infinitesimally thin metallic slab anywhere between 
the plates of a capacitor without affecting the capacitance. 
Thus, let us imagine sliding an infinitesimally thin metallic 
slab along the bottom face of the dielectric shown in Figure 
26.27a. We can then consider this system to be the series com¬ 
bination of the two capacitors shown in Figure 26.27b: one 
having a plate separation d /3 and filled with a dielectric, and 
the other having a plate separation 2 d/3 and air between its 
plates. 

From Equations 26.15 and 26.3, the two capacitances are 


_ K€qA 
1 d/3 




C 2 


gp A 
2d/3 




Using Equation 26.10 for two capacitors combined in series, 
we have 


_j_ _ J_ J_ _ d/3 2d/3 
C Cl C 2 KSqA CqA 


3e 0 A V « 


d / 1 + 2 k 
3e 0 A V k 


C = 


e 0 A 
d 


Because the capacitance without the dielectric is C 0 = e 0 A/d, 
we see that 


Figure 26.27 (a) A parallel-plate capacitor of plate separation d 

partially filled with a dielectric of thickness d/3, (b) The equivalent 
circuit of the capacitor consists of two capacitors connected in series. 
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Summary 


A capacitor consists of two conductors carrying charges of equal magnitude but 
opposite sign. The capacitance C of any capacitor is the ratio of the charge Q on 
either conductor to the potential difference AT between them: 


C 


<2 

at 


(26.1) 


This relationship can be used in situations in which any two of the three variables 
are known. It is important to remember that this ratio is constant for a given con¬ 
figuration of conductors because the capacitance depends only on the geometry 
of the conductors and not on an external source of charge or potential difference. 

The SI unit of capacitance is coulombs per volt, or the farad (F), and 
1 F = 1 C/V. 

Capacitance expressions for various geometries are summarized in Table 26.2. 

If two or more capacitors are connected in parallel, then the potential differ¬ 
ence is the same across all of them. The equivalent capacitance of a parallel com¬ 
bination of capacitors is 

C eq = Cj + C 2 + C 3 + ■ ■ • (26.8) 

If two or more capacitors are connected in series, the charge is the same on all 
of them, and the equivalent capacitance of the series combination is given by 



These two equations enable you to simplify many electric circuits by replacing mul¬ 
tiple capacitors with a single equivalent capacitance. 

Work is required to charge a capacitor because the charging process is equiva¬ 
lent to the transfer of charges from one conductor at a lower electric potential to 
another conductor at a higher potential. The work done in charging the capacitor 
to a charge Q_ equals the electric potential energy U stored in the capacitor, where 

u = = \Q_AV = |C( AT) 2 (26.11) 


TABLE 26.2 Capacitance and Geometry 


Geometry 

Capacitance 

Equation 

Isolated charged sphere of radius 

R (second charged conductor 
assumed at infinity) 

C = 4ir e 0 R 

26.2 

Parallel-plate capacitor of plate 
area A and plate separation d 

A 

C — e 0 — 

26.3 

Cylindrical capacitor of length 
€ and inner and outer radii 
a and b, respectively 

2k e ln^“j 

26.4 

Spherical capacitor with inner 
and outer radii a and b, 
respectively 

ab 

k e (b — a) 

26.6 
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When a dielectric material is inserted between the plates of a capacitor, the ca¬ 
pacitance increases by a dimensionless factor k, called the dielectric constant: 

C=kC 0 (26.14) 

where Co is the capacitance in the absence of the dielectric. The increase in capac¬ 
itance is due to a decrease in the magnitude of the electric field in the presence of 
the dielectric and to a corresponding decrease in the potential difference between 
the plates—if we assume that the charging battery is removed from the circuit be¬ 
fore the dielectric is inserted. The decrease in the magnitude of E arises from an 
internal electric field produced by aligned dipoles in the dielectric. This internal 
field produced by the dipoles opposes the applied field due to the capacitor 
plates, and the result is a reduction in the net electric field. 

The electric dipole moment p of an electric dipole has a magnitude 

p=2aq (26.16) 

The direction of the electric dipole moment vector is from the negative charge to¬ 
ward the positive charge. 

The torque acting on an electric dipole in a uniform electric field E is 

r = p X E (26.18) 

The potential energy of an electric dipole in a uniform external electric field 

Eis 

U = — p • E (26.20) 


Problem-Solving Hints 

Capacitors 

• Be careful with units. When you calculate capacitance in farads, make sure 
that distances are expressed in meters and that you use the SI value of e 0 . 
When checking consistency of units, remember that the unit for electric 
fields can be either N/C or V/m. 

• When two or more capacitors are connected in parallel, the potential differ¬ 
ence across each is the same. The charge on each capacitor is proportional 
to its capacitance; hence, the capacitances can be added directly to give the 
equivalent capacitance of the parallel combination. The equivalent capaci¬ 
tance is always larger than the individual capacitances. 

• When two or more capacitors are connected in series, they carry the same 
charge, and the sum of the potential differences equals the total potential 
difference applied to the combination. The sum of the reciprocals of the ca¬ 
pacitances equals the reciprocal of the equivalent capacitance, which is al¬ 
ways less than the capacitance of the smallest individual capacitor. 

• A dielectric increases the capacitance of a capacitor by a factor k (the dielec¬ 
tric constant) over its capacitance when air is between the plates. 

• For problems in which a battery is being connected or disconnected, note 
whether modifications to the capacitor are made while it is connected to the 
battery or after it has been disconnected. If the capacitor remains con¬ 
nected to the battery, the voltage across the capacitor remains unchanged 
(equal to the battery voltage), and the charge is proportional to the capaci- 
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tance, although it may be modified (for instance, by the insertion of a di¬ 
electric) . If you disconnect the capacitor from the battery before making 
any modifications to the capacitor, then its charge remains fixed. In this 
case, as you vary the capacitance, the voltage across the plates changes ac¬ 
cording to the expression A V = Q/ C. 


Questions 

fU If you were asked to design a capacitor in a situation for 
which small size and large capacitance were required, 
what factors would be important in your design? 

2. The plates of a capacitor are connected to a battery. What 
happens to the charge on the plates if the connecting 
wires are removed from the battery? What happens to the 
charge if the wires are removed from the battery and con¬ 
nected to each other? 

3. A farad is a very large unit of capacitance. Calculate the 
length of one side of a square, air-filled capacitor that has 
a plate separation of 1 m. Assume that it has a capaci¬ 
tance of 1 F. 

4. A pair of capacitors are connected in parallel, while an 
identical pair are connected in series. Which pair would 
be more dangerous to handle after being connected to 
the same voltage source? Explain. 

5. If you are given three different capacitors Ci, C 2 , C 3 , 
how many different combinations of capacitance can you 
produce? 

6. What advantage might there be in using two identical ca¬ 
pacitors in parallel connected in series with another iden¬ 
tical parallel pair rather than a single capacitor? 

7. Is it always possible to reduce a combination of capacitors 
to one equivalent capacitor with the rules we have devel¬ 
oped? Explain. 

8. Because the net charge in a capacitor is always zero, what 
does a capacitor store? 

9. Because the charges on the plates of a parallel-plate ca¬ 
pacitor are of opposite sign, they attract each other. 
Hence, it would take positive work to increase the plate 
separation. What happens to the external work done in 
this process? 


10. Explain why the work needed to move a charge Q 

through a potential difference A Eis W= Q AV, whereas 
the energy stored in a charged capacitor is U = AT 
Where does the | factor come from? 

111).] If the potential difference across a capacitor is doubled, 
by what factor does the stored energy change? 

12. Why is it dangerous to touch the terminals of a high- 
voltage capacitor even after the applied voltage has been 
turned off? What can be done to make the capacitor safe 
to handle after the voltage source has been removed? 

13. Describe how you can increase the maximum operating 
voltage of a parallel-plate capacitor for a fixed plate sepa¬ 
ration. 

14. An air-filled capacitor is charged, disconnected from the 
power supply, and, finally, connected to a voltmeter. Ex¬ 
plain how and why the voltage reading changes when a 
dielectric is inserted between the plates of the capacitor. 

15. Using the polar molecule description of a dielectric, ex¬ 
plain how a dielectric affects the electric field inside a ca¬ 
pacitor. 

16. Explain why a dielectric increases the maximum operat¬ 
ing voltage of a capacitor even though the physical size of 
the capacitor does not change. 

17. What is the difference between dielectric strength and 
the dielectric constant? 

18. Explain why a water molecule is permanendy polarized. 
What type of molecule has no permanent polarization? 

19. If a dielectric-filled capacitor is heated, how does its ca¬ 
pacitance change? (Neglect thermal expansion and as¬ 
sume that the dipole orientations are temperature depen¬ 
dent.) 


Problems 

1, 2, 3 = straightforward, intermediate, challenging J~] = full solution available in the Student Solutions Manual and Study Guide 
web = solution posted at http://www.saunderscollege.com/physics/ Q = Computer useful in solving problem ffi = Interactive Physics 
| = paired numerical/symbolic problems 


Section 26.1 Definition of Capacitance 

1. (a) How much charge is on each plate of a 4.00-pF ca¬ 
pacitor when it is connected to a 12.0-V battery? 

(b) If this same capacitor is connected to a 1.50-V bat¬ 
tery, what charge is stored? 


2. Two conductors having net charges of + 10.0 pC and 
— 10.0 pC have a potential difference of 10.0 V. Deter¬ 
mine (a) the capacitance of the system and (b) the poten¬ 
tial difference between the two conductors if the charges 
on each are increased to + 100 pC and — 100 pC. 
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Section 26.2 Calculating Capacitance 

fST| An isolated charged conducting sphere of radius 

12.0 cm creates an electric field of 4.90 X 10 4 N/C at a 
distance 21.0 cm from its center, (a) What is its surface 
charge density? (b) What is its capacitance? 

4. (a) If a drop of liquid has capacitance 1.00 pF, what is 
its radius? (b) If another drop has radius 2.00 mm, what 
is its capacitance? (c) What is the charge on the smaller 
drop if its potential is 100 V? 

5. Two conducting spheres with diameters of 0.400 m and 
1.00 m are separated by a distance that is large com¬ 
pared with the diameters. The spheres are connected by 
a thin wire and are charged to 7.00 pC. (a) How is this 
total charge shared between the spheres? (Neglect any 
charge on the wire.) (b) What is the potential of the sys¬ 
tem of spheres when the reference potential is taken to 
be V= 0 at r = °°? 

6. Regarding die Earth and a cloud layer 800 m above the 
Earth as the “plates” of a capacitor, calculate the capaci¬ 
tance if the cloud layer has an area of 1.00 km 2 . Assume 
that the air between the cloud and the ground is pure 
and dry. Assume that charge builds up on the cloud and 
on the ground until a uniform electric field with a mag¬ 
nitude of 3.00 X 10 6 N/C throughout the space be¬ 
tween them makes the air break down and conduct 
electricity as a lightning bolt. What is the maximum 
charge the cloud can hold? 

web J7T]| An air-filled capacitor consists of two parallel plates, 
each with an area of 7.60 cm 2 , separated by a distance 
of 1.80 mm. If a 20.0-V potential difference is applied to 
these plates, calculate (a) the electric field between the 
plates, (b) the surface charge density, (c) the capaci¬ 
tance, and (d) the charge on each plate. 

8. A 1-megabit computer memory chip contains many 
60.0-fF capacitors. Each capacitor has a plate area of 
21.0 X 10 -12 m 2 . Determine the plate separation of 
such a capacitor (assume a parallel-plate configura¬ 
tion) . The characteristic atomic diameter is 10 -10 m = 
0.100 nm. Express the plate separation in nanometers. 

9. When a potential difference of 150 V is applied to the 
plates of a parallel-plate capacitor, the plates carry a sur¬ 
face charge density of 30.0 nC/cm 2 . What is the spacing 
between the plates? 

10. A variable air capacitor used in tuning circuits is made 
of N semicircular plates each of radius R and positioned 
a distance d from each other. As shown in Figure 
P26.10, a second identical set of plates is enmeshed with 
its plates halfway between those of the first set. The sec¬ 
ond set can rotate as a unit. Determine the capacitance 
as a function of the angle of rotation 0, where 6 = 0 
corresponds to the maximum capacitance. 
web ll. A50.0-m length of coaxial cable has an inner conductor 
that has a diameter of 2.58 mm and carries a charge of 
8.10 pC. The surrounding conductor has an inner di¬ 
ameter of 7.27 mm and a charge of — 8.10 pC. 

(a) What is the capacitance of this cable? (b) What is 



Figure P26.10 


the potential difference between the two conductors? 
Assume the region between the conductors is air. 

12. A 20.0-pF spherical capacitor is composed of two metal¬ 
lic spheres, one having a radius twice as large as the 
other. If the region between the spheres is a vacuum, 
determine the volume of this region. 

13. A small object with a mass of 350 mg carries a charge of 
30.0 nC and is suspended by a thread between the verti¬ 
cal plates of a parallel-plate capacitor. The plates are 
separated by 4.00 cm. If the thread makes an angle of 
15.0° with the vertical, what is the potential difference 
between the plates? 

14. A small object of mass m carries a charge q and is sus¬ 
pended by a thread between the vertical plates of a 
parallel-plate capacitor. The plate separation is d. If the 
thread makes an angle 6 with the vertical, what is the 
potential difference between the plates? 

pf5. An air-filled spherical capacitor is constructed with in¬ 
ner and outer shell radii of 7.00 and 14.0 cm, respec¬ 
tively. (a) Calculate the capacitance of the device. 

(b) What potential difference between the spheres re¬ 
sults in a charge of 4.00 pC on the capacitor? 

16. Find the capacitance of the Earth. (Hint: The outer 
conductor of the “spherical capacitor” may be consid¬ 
ered as a conducting sphere at infinity where V ap¬ 
proaches zero.) 

Section 26.3 Combinations of Capacitors 

17. Two capacitors 6j = 5.00 pF and C 2 = 12.0 pF are con¬ 
nected in parallel, and the resulting combination is con¬ 
nected to a 9.00-V battery, (a) What is the value of the 
equivalent capacitance of the combination? What are 

(b) the potential difference across each capacitor and 

(c) the charge stored on each capacitor? 

18. The two capacitors of Problem 17 are now connected in 
series and to a 9.00-V battery. Find (a) the value of the 
equivalent capacitance of the combination, (b) the volt¬ 
age across each capacitor, and (c) the charge on each 
capacitor. 

19. Two capacitors when connected in parallel give an 
equivalent capacitance of 9.00 pF and an equivalent ca- 
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pacitance of 2.00 pF when connected in series. What is 
the capacitance of each capacitor? 

20. Two capacitors when connected in parallel give an 
equivalent capacitance of C p and an equivalent capaci¬ 
tance of Q when connected in series. What is the capac¬ 
itance of each capacitor? 

web |2Ll| | Four capacitors are connected as shown in Figure 

P26.21. (a) Find the equivalent capacitance between 
points a and b. (b) Calculate the charge on each capaci¬ 
tor if AV aJ = 15.0 V. 

15.0 pF 3.00 pF 

20.0 pF 

r 


6.00 pF 

Figure P26.21 

22. Evaluate the equivalent capacitance of the configura¬ 
tion shown in Figure P26.22. All the capacitors are iden¬ 
tical, and each has capacitance C. 

C 

- II - 


C C 



Figure P26.22 


1 23. Consider the circuit shown in Figure P26.23, where 
Ci = 6.00 pF, C 2 = 3.00 pF, and AV= 20.0 V. Capaci¬ 
tor Ci is first charged by the closing of switch Si. Switch 
Si is then opened, and the charged capacitor is con¬ 
nected to the uncharged capacitor by the closing of S 2 . 
Calculate the initial charge acquired by Ci and the final 
charge on each. 



24. According to its design specification, the timer circuit 
delaying the closing of an elevator door is to have a ca¬ 
pacitance of 32.0 pF between two points A and B. 

(a) When one circuit is being constructed, the inexpen¬ 
sive capacitor installed between these two points is 
found to have capacitance 34.8 pF. To meet the specifi¬ 
cation, one additional capacitor can be placed between 
the two points. Should it be in series or in parallel with 
the 34.8-pF capacitor? What should be its capacitance? 

(b) The next circuit comes down the assembly line with 
capacitance 29.8 pF between A and B. What additional 
capacitor should be installed in series or in parallel in 
that circuit, to meet the specification? 

25. The circuit in Figure P26.25 consists of two identical 
parallel metallic plates connected by identical metallic 
springs to a 100-V battery. With the switch open, the 
plates are uncharged, are separated by a distance 

d = 8.00 mm, and have a capacitance C = 2.00 pF. 
When the switch is closed, the distance between the 
plates decreases by a factor of 0.500. (a) How much 
charge collects on each plate and (b) what is the spring 
constant for each spring? (Hint: Use the result of Prob¬ 
lem 35.) 


d 



26. Figure P26.26 shows six concentric conducting spheres, 
A, B, C, D, E, and F having radii R 2 R 3 R 4R 5 R and 
6 R respectively. Spheres B and C are connected by a 
conducting wire, as are spheres D and E. Determine the 
equivalent capacitance of this system. 

m A group of identical capacitors is connected first in se¬ 
ries and then in parallel. The combined capacitance in 
parallel is 100 times larger than for the series connec¬ 
tion. How many capacitors are in the group? 

28. Find the equivalent capacitance between points a and b 
for the group of capacitors connected as shown in Fig¬ 
ure P26.28 if C, = 5.00 pF, C 2 = 10.0 pF, and 

C 3 = 2.00 pF. 

29. For the network described in the previous problem if 
the potential difference between points a and b is 
60.0 V, what charge is stored on C 3 ? 


Figure P26.23 
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Ci Cj 



Figure P26.28 Problems 28 and 29. 

30. Find the equivalent capacitance between points a and b 
in the combination of capacitors shown in Figure 
P26.30. 



Section 26.4 Energy Stored in a Charged Capacitor 

31. (a) A 3.00-pF capacitor is connected to a 12.0-V battery. 
Flow much energy is stored in the capacitor? (b) If the 
capacitor had been connected to a 6.00-V battery, how 
much energy would have been stored? 

32. Two capacitors Cj = 25.0 fiF and C 2 = 5.00 pF are con¬ 
nected in parallel and charged with a 100-V power sup¬ 
ply. (a) Draw a circuit diagram and calculate the total 


energy stored in the two capacitors, (b) What potential 
difference would be required across the same two ca¬ 
pacitors connected in series so that the combination 
stores the same energy as in part (a)? Draw a circuit dia¬ 
gram of this circuit. 

33. A parallel-plate capacitor is charged and then discon¬ 
nected from a battery. By what fraction does the stored 
energy change (increase or decrease) when the plate 
separation is doubled? 

34. A uniform electric field E = 3 000 V/m exists within a 
certain region. What volume of space contains an en¬ 
ergy equal to 1.00 X 10 -7 J? Express your answer in cu¬ 
bic meters and in liters. 

web 35. A parallel-plate capacitor has a charge Q and plates of 
area A. Show that the force exerted on each plate by the 
other is F = g 2 /2e 0 A. {Hint: Let C = e 0 A/x for an arbi¬ 
trary plate separation x; then require that the work 
done in separating the two charged plates be 
W= 5 Fdx.) 

36. Plate a of a parallel-plate, air-filled capacitor is con¬ 
nected to a spring having force constant k, and plate b is 
fixed. They rest on a table top as shown (top view) in 
Figure P26.36. If a charge + <2 is placed on plate a and a 
charge — Q is placed on plate b, by how much does the 
spring expand? 



Figure P26.36 


37. Review Problem. A certain storm cloud has a potential 
difference of 1.00 X 10 8 V relative to a tree. If, during a 
lightning storm, 50.0 C of charge is transferred through 
this potential difference and 1.00% of the energy is ab¬ 
sorbed by the tree, how much water (sap in the tree) 
initially at 30.0°C can be boiled away? Water has a spe¬ 
cific heat of 4 186 J/kg ■ °C, a boiling point of 100°C, 
and a heat of vaporization of 2.26 X 10 6 J/kg. 

38. Show that the energy associated with a conducting 
sphere of radius R and charge Q surrounded by a vac¬ 
uum is U = k e Q?/2R 

39. Einstein said that energy is associated with mass accord¬ 
ing to the famous relationship E = me 2 . Estimate the ra¬ 
dius of an electron, assuming that its charge is distrib¬ 
uted uniformly over the surface of a sphere of radius R 
and that the mass-energy of the electron is equal to the 
total energy stored in the resulting nonzero electric 
field between R and infinity. (See Problem 38. Experi¬ 
mentally, an electron nevertheless appears to be a point 
particle. The electric field close to the electron must be 
described by quantum electrodynamics, rather than the 
classical electrodynamics that we study.) 
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Section 26.5 Capacitors with Dielectrics 

40. Find the capacitance of a parallel-plate capacitor that 
uses Bakelite as a dielectric, if each of the plates has an 
area of 5.00 cm 2 and the plate separation is 2.00 mm. 

41. Determine (a) the capacitance and (b) the maximum 
voltage that can be applied to a Teflon-filled parallel- 
plate capacitor having a plate area of 1.75 cm 2 and plate 
separation of 0.040 0 mm. 

42. (a) How much charge can be placed on a capacitor with 
air between the plates before it breaks down, if the area 
of each of the plates is 5.00 cm 2 ? (b) Find the maxi¬ 
mum charge if polystyrene is used between the plates 
instead of air. 

tli,l A commercial capacitor is constructed as shown in Fig¬ 
ure 26.15a. This particular capacitor is rolled from two 
strips of aluminum separated by two strips of paraffin- 
coated paper. Each strip of foil and paper is 7.00 cm 
wide. The foil is 0.004 00 mm thick, and the paper is 
0.025 0 mm thick and has a dielectric constant of 
3.70. What length should the strips be if a capacitance 
of 9.50 X 10“ 8 F is desired? (Use the parallel-plate 
formula.) 

44. The supermarket sells rolls of aluminum foil, plastic 
wrap, and waxed paper. Describe a capacitor made from 
supermarket materials. Compute order-of-magnitude es¬ 
timates for its capacitance and its breakdown voltage. 

45. A capacitor that has air between its plates is connected 
across a potential difference of 12.0 V and stores 
48.0 pC of charge. It is then disconnected from the 
source while still charged, (a) Find the capacitance of 
the capacitor, (b) A piece of Teflon is inserted between 
the plates. Find its new capacitance, (c) Find the voltage 
and charge now on the capacitor. 

46. A parallel-plate capacitor in air has a plate separation of 
1.50 cm and a plate area of 25.0 cm 2 . The plates are 
charged to a potential difference of 250 V and discon¬ 
nected from the source. The capacitor is then im¬ 
mersed in distilled water. Determine (a) the charge on 
the plates before and after immersion, (b) the capaci¬ 
tance and voltage after immersion, and (c) the change 
in energy of the capacitor. Neglect the conductance of 
the liquid. 

47. A conducting spherical shell has inner radius a and 
outer radius c. The space between these two surfaces is 
filled with a dielectric for which the dielectric constant 
is K\ between a and b, and k 2 between b and c (Fig. 
P26.47). Determine the capacitance of this system. 

48. A wafer of titanium dioxide (k = 173) has an area of 
1.00 cm 2 and a thickness of 0.100 mm. Aluminum is 
evaporated on the parallel faces to form a parallel-plate 
capacitor, (a) Calculate the capacitance, (b) When the 
capacitor is charged with a 12.0-V battery, what is the 
magnitude of charge delivered to each plate? (c) For 
the situation in part (b), what are the free and induced 
surface charge densities? (d) What is the magnitude E 
of the electric field? 



49. Each capacitor in the combination shown in Figure 
P26.49 has a breakdown voltage of 15.0 V. What is the 
breakdown voltage of the combination? 


20.0 /tF 20.0 pF 



Figure P26.49 


(Optional) 

Section 26.6 Electric Dipole in an Electric Field 

50. A small rigid object carries positive and negative 3.50-nC 
charges. It is oriented so that the positive charge is at the 
point (—1.20 mm, 1.10 mm) and the negative charge is 
at the point (1.40 mm, — 1.30 mm). (a) Find the electric 
dipole moment of the object. The object is placed in an 
electric field E = (7 800i - 4 900j) N/C. (b) Find the 
torque acting on the object, (c) Find the potential en¬ 
ergy of the object in this orientation, (d) If the orienta¬ 
tion of the object can change, find the difference be¬ 
tween its maximum and its minimum potential energies. 

51. A small object with electric dipole moment p is placed 
in a nonuniform electric field E = E(x) i. That is, the 
field is in the x direction, and its magnitude depends on 
the coordinate x. Let 6 represent the angle between the 
dipole moment and the x direction, (a) Prove that the 
dipole experiences a net force F = p(dE/dx) cos 0 in 
the direction toward which the field increases, (b) Con¬ 
sider the field created by a spherical balloon centered 
at the origin. The balloon has a radius of 15.0 cm and 
carries a charge of 2.00 pC. Evaluate dE/dx at the point 
(16 cm, 0, 0). Assume that a water droplet at this point 
has an induced dipole moment of (6.30i) nC • m. Find 
the force on it. 

(Optional) 

Section 26 .7 An Atomic Description of Dielectrics 

52. A detector of radiation called a Geiger-Muller counter 
consists of a closed, hollow, conducting cylinder with a 
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fine wire along its axis. Suppose that the internal diame¬ 
ter of the cylinder is 2.50 cm and that the wire along the 
axis has a diameter of 0.200 mm. If the dielectric 
strength of the gas between the central wire and the 
cylinder is 1.20 X 10 6 V/m, calculate the maximum 
voltage that can be applied between the wire and the 
cylinder before breakdown occurs in the gas. 

53. The general form of Gauss’s law describes how a charge 
creates an electric field in a material, as well as in a vac¬ 
uum. It is 


where e — Ke 0 is the permittivity of the material. 

(a) A sheet with charge Q uniformly distributed over 
its area A is surrounded by a dielectric. Show that the 
sheet creates a uniform electric field with magnitude 
E — Q/2Ae at nearby points, (b) Two large sheets of 
area A carrying opposite charges of equal magnitude Q 
are a small distance d apart. Show that they create a uni¬ 
form electric field of magnitude E = Q/Ae between 
them, (c) Assume that the negative plate is at zero po¬ 
tential. Show that the positive plate is at a potential 
Qd/Ae. (d) Show that the capacitance of the pair of 
plates is Ae/ d = KAe 0 / d. 

ADDITIONAL PROBLEMS 

54. For the system of capacitors shown in Figure P26.54, 
find (a) the equivalent capacitance of the system, 

(b) the potential difference across each capacitor, 

(c) the charge on each capacitor, and (d) the total 
energy stored by the group. 


3.00 /iF 6.00/iF 



56. A 2.00-nF parallel-plate capacitor is charged to an initial 
potential difference A V) = 100 V and then isolated. The 
dielectric material between the plates is mica (k = 

5.00). (a) How much work is required to withdraw the 
mica sheet? (b) What is the potential difference of the 
capacitor after the mica is withdrawn? 
web |57. A parallel-plate capacitor is constructed using a dielec¬ 
tric material whose dielectric constant is 3.00 and whose 
dielectric strength is 2.00 X 10 8 V/m. The desired ca¬ 
pacitance is 0.250 p-F, and the capacitor must withstand 
a maximum potential difference of 4 000 V. Find the 
minimum area of the capacitor plates. 

58. A parallel-plate capacitor is constructed using three 
dielectric materials, as shown in Figure P26.58. You may 
assume that £ >S> d. (a) Find an expression for the ca¬ 
pacitance of the device in terms of the plate area A and 
d, Ki, k 2 , and k 3 . (b) Calculate the capacitance using 
the values A = 1.00 cm 2 , d = 2.00 mm, /q = 4.90, k 2 = 
5.60, and k 3 = 2.10. 


i 


Figure P26.58 

||59. A conducting slab of thickness d and area A is inserted 
into the space between the plates of a parallel-plate ca¬ 
pacitor with spacing s and surface area A, as shown in 
Figure P26.59. The slab is not necessarily halfway be¬ 
tween the capacitor plates. What is the capacitance of 
the system? 



Figure P26.59 


55. Consider two long, parallel, and oppositely charged 
wires of radius d with their centers separated by a dis¬ 
tance D. Assuming the charge is distributed uniformly 
on the surface of each wire, show that the capacitance 
per unit length of this pair of wires is 


C_ 

t 



60. (a) Two spheres have radii a and b and their centers are 
a distance d apart. Show that the capacitance of this sys- 



a + b d 


provided that d is large compared with a and b. {Hint: 
Because the spheres are far apart, assume that the 
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charge on one sphere does not perturb the charge dis¬ 
tribution on the other sphere. Thus, the potential of 
each sphere is expressed as that of a symmetric charge 
distribution, V = k e Q/r, and the total potential at each 
sphere is the sum of the potentials due to each sphere, 
(b) Show that as d approaches infinity the above result 
reduces to that of two isolated spheres in series. 

61. When a certain air-filled parallel-plate capacitor is con¬ 
nected across a battery, it acquires a charge (on each 
plate) of q 0 . While the battery connection is main¬ 
tained, a dielectric slab is inserted into and fills the re¬ 
gion between the plates. This results in the accumula¬ 
tion of an additional charge q on each plate. What is the 
dielectric constant of the slab? 

62. A capacitor is constructed from two square plates of 
sides £ and separation d. A material of dielectric con¬ 
stant k is inserted a distance x into the capacitor, as 
shown in Figure P26.62. (a) Find the equivalent capaci¬ 
tance of the device, (b) Calculate the energy stored in 
the capacitor if the potential difference is AY (c) Find 
the direction and magnitude of the force exerted on 
the dielectric, assuming a constant potential difference 
AY Neglect friction, (d) Obtain a numerical value for 
the force assuming that £ = 5.00 cm, AT = 2 000 V, 

d = 2.00 mm, and the dielectric is glass (k = 4.50). 
{Hint: The system can be considered as two capacitors 
connected in parallel.) 



Figure P26.62 Problems 62 and 63. 


63. A capacitor is constructed from two square plates of 
sides £ and separation d, as suggested in Figure P26.62. 
You may assume that d is much less titan £. The plates 
carry charges + Q 0 and — Q 0 . A block of metal has a 
width £, a length £, and a thickness slightly less than d. It 
is inserted a distance x into the capacitor. The charges 
on the plates are not disturbed as the block slides in. 

In a static situation, a metal prevents an electric field 
from penetrating it. The metal can be thought of as a 
perfect dielectric, with k —■* «. (a) Calculate the stored 
energy as a function of x. (b) Find the direction and 
magnitude of the force that acts on the metallic block, 
(c) The area of the advancing front face of the block is 
essentially equal to £d. Considering the force on the 
block as acting on this face, find the stress (force per 
area) on it. (d) For comparison, express the energy 
density in the electric field between the capacitor plates 
in terms of £? o, £, d, and e 0 • 


64. When considering the energy supply for an automobile, 
the energy per unit mass of the energy source is an im¬ 
portant parameter. Using the following data, compare 
the energy per unit mass (J/kg) for gasoline, lead-acid 
batteries, and capacitors. (The ampere A will be intro¬ 
duced in Chapter 27 and is the SI unit of electric cur¬ 
rent. 1 A = 1 C/s.) 

Gasoline: 126 000 Btu/gal; density = 670 kg/m 3 
Lead-acid battery: 12.0 V; 100 A - h; mass = 16.0 kg 
Capacitor: potential difference at full charge = 

12.0 V; capacitance = 0.100 F; mass = 0.100 kg 

|65. An isolated capacitor of unknown capacitance has been 
charged to a potential difference of 100 V. When the 
charged capacitor is then connected in parallel to an 
uncharged 10.0-pF capacitor, the voltage across the 
combination is 30.0 V. Calculate the unknown capaci¬ 
tance. 

66. A certain electronic circuit calls for a capacitor having a 
capacitance of 1.20 pF and a breakdown potential of 

1 000 V. If you have a supply of 6.00-pF capacitors, each 
having a breakdown potential of 200 V, how could you 
meet this circuit requirement? 

67. In the arrangement shown in Figure P26.67, a potential 
difference AY is applied, and Cj is adjusted so that the 
voltmeter between points b and d reads zero. This “bal¬ 
ance” occurs when Ci = 4.00 pF. If C 3 = 9.00 pF and 
C4 = 12.0 pF, calculate the value of C 2 . 



68. It is possible to obtain large potential differences by first 
charging a group of capacitors connected in parallel 
and then activating a switch arrangement that in effect 
disconnects the capacitors from the charging source 
and from each other and reconnects them in a series 
arrangement. The group of charged capacitors is then 
discharged in series. What is the maximum potential 
difference that can be obtained in this manner by using 
ten capacitors each of 500 pF and a charging source of 
800 V? 

69. A parallel-plate capacitor of plate separation d is 
charged to a potential difference A Y 0 . A dielectric slab 
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of thickness d and dielectric constant k is introduced 
between the plates while the battery remains connected to the 
plates, (a) Show that the ratio of energy stored after the 
dielectric is introduced to the energy stored in the 
empty capacitor is U/ U 0 = k. Give a physical explana¬ 
tion for this increase in stored energy, (b) What hap¬ 
pens to the charge on the capacitor? (Note that this sit¬ 
uation is not the same as Example 26.7, in which the 
battery was removed from the circuit before the dielec¬ 
tric was introduced.) 

70. A parallel-plate capacitor with plates of area A and plate 
separation d has the region between the plates filled 
with two dielectric materials as in Figure P26.70. As¬ 
sume that d« L and that d« W. (a) Determine the 
capacitance and (b) show that when /q = k 2 = Kyour 
result becomes the same as that for a capacitor contain¬ 
ing a single dielectric, C = kcqA/ d. 



71. A vertical parallel-plate capacitor is half filled with a di¬ 
electric for which the dielectric constant is 2.00 (Fig. 
P26.71a). When this capacitor is positioned horizon¬ 
tally, what fraction of it should be filled with the same 
dielectric (Fig. P26.71b) so that the two capacitors have 
equal capacitance? 


(a) (b) 

Figure P26. 71 

72. Capacitors C, = 6.00 pF and C 2 = 2.00 pF are charged 
as a parallel combination across a 250-V battery. The ca¬ 


pacitors are disconnected from the battery and from 
each other. They are then connected positive plate to 
negative plate and negative plate to positive plate. Cal¬ 
culate the resulting charge on each capacitor. 

The inner conductor of a coaxial cable has a radius of 
0.800 mm, and the outer conductor’s inside radius is 
3.00 mm. The space between the conductors is filled 
with polyethylene, which has a dielectric constant of 
2.30 and a dielectric strength of 18.0 X 10 6 V/m. What 
is the maximum potential difference that this cable can 
withstand? 

74. You are optimizing coaxial cable design for a major 
manufacturer. Show that for a given outer conductor ra¬ 
dius b, maximum potential difference capability is at¬ 
tained when the radius of the inner conductor is 

a = b/e where e is the base of natural logarithms. 

75. Calculate the equivalent capacitance between the points 
a and b in Figure P26.75. Note that this is not a simple 
series or parallel combination. {Hint: Assume a poten¬ 
tial difference AT between points a and b. Write expres¬ 
sions for AT4s in terms of the charges and capacitances 
for the various possible pathways from a to b, and re¬ 
quire conservation of charge for those capacitor plates 
that are connected to each other.) 



76. Determine the effective capacitance of the combination 
shown in Figure P26.76. {Hint: Consider the symmetry 
involved!) 


C 2 C 



C 2 C 

Figure P26.76 
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Answers to Quick Quizzes 

26.1 (a) because the plate separation is decreased. Capaci¬ 
tance depends only on how a capacitor is constructed 
and not on the external circuit 

26.2 Zero. If you construct a spherical gaussian surface out¬ 
side and concentric with the capacitor, the net charge 
inside the surface is zero. Applying Gauss’s law to this 
configuration, we find that E = 0 at points outside the 
capacitor. 

26.3 For a given voltage, the energy stored in a capacitor is 
proportional to C: U = C(A Y) 2 /2. Thus, you want to 
maximize the equivalent capacitance. You do this by 
connecting the three capacitors in parallel, so that the 
capacitances add. 

26.4 (a) C decreases (Eq. 26.3). (b) Q stays the same because 
there is no place for the charge to flow, (c) E remains 
constant (see Eq. 24.8 and the paragraph following it). 
(d) AY increases because AY = Q/C, Qis constant 
(partb), and C decreases (part a), (e) The energy 
stored in the capacitor is proportional to both (land 
AY (Eq. 26.11) and thus increases. The additional en¬ 
ergy comes from the work you do in pulling the two 
plates apart. 

26.5 (a) C decreases (Eq. 26.3). (b) Q decreases. The battery 
supplies a constant potential difference AY; thus, charge 
must flow out of the capacitor if C = Q_/ A Y is to de¬ 


crease. (c) E decreases because the charge density on 
the plates decreases, (d) AY remains constant because 
of the presence of the battery, (e) The energy stored in 
the capacitor decreases (Eq. 26.11). 

26.6 It increases. The dielectric constant of wood (and of all 
other insulating materials, for that matter) is greater 
than 1; therefore, the capacitance increases (Eq. 26.14). 
This increase is sensed by the stud-finder’s special cir¬ 
cuitry, which causes an indicator on the device to light 
up. 

26.7 (a) C increases (Eq. 26.14). (b) ^increases. Because 
the battery maintains a constant AY (1 must increase if 
C (= Q/ AY) increases, (c) E between the plates remains 
constant because A V= Ed and neither A Ynor d 
changes. The electric field due to the charges on the 
plates increases because more charge has flowed onto 
the plates. The induced surface charges on the dielec¬ 
tric create a field that opposes the increase in the field 
caused by the greater number of charges on the plates, 
(d) The battery maintains a constant AY (e) The energy 
stored in the capacitor increases (Eq. 26.11). You would 
have to push the dielectric into the capacitor, just as you 
would have to do positive work to raise a mass and in¬ 
crease its gravitational potential energy. 




